When ferritin is reconstituted from Fe and apoferritin in vitro in the presence of Pi, the product obtained differs both from native ferritin and from ferritin reconstituted in the absence of Pi. When the latter is incubated with Pi the product resembles native ferritin with respect both to the pattern of P1 incorporated per molecule or per Fe atom and to the ease of release of this P. relative to Fe release. It is concluded that much of the Pi of native ferritin is adsorbed on surfaces of ferritin iron-core crystallites. The results also suggest that Pi is not present at the intracellular site of Fe incorporation into ferritin, but is added after Fe.
The Fe-storage protein ferritin, commonly found in abundance in liver and spleen, has a high capacity for Fe, which it stores in micellar form in the centre of a protein shell (Harrison, 1977) . Up to 4500 Fe atoms may be stored, but this capacity is not normally utilized to the full. Ferritin preparations usually average no more than, and often less than, 3000 Fe atoms/molecule. The micellar nature of the iron complex has been established by electron microscopy (Farrant, 1954) and Mossbauer spectroscopy (Blaise et al., 1965) , and the small inorganic particles within the protein shell are actually microcrystals, as shown by electron and X-ray diffraction (Haggis, 1965; Harrison et al., 1967) and high-resolution dark-field electron microscopy (Massover & Cowley, 1973) . The size of the protein cavity (about 8nm across; Hoare et al., 1975) sets an upper limit on the size of the iron-core microcrystals, but even in relatively full molecules this upper limit is not always reached, since molecules can contain more than one microcrystalline particle. Chemically ferritin iron cores have been shown to be a hydrated iron oxide-phosphate complex of approximate composition (FeOOH)8(FeO-OP03H2) in the horse spleen protein (Michaelis et al., 1943) . The PI/Fe ratio is rather higher than average in Fe-poor and rather lower than average in Fe-rich molecules (Fischbach et al., 1969) . This observation, together with the finding that some 77 % of the P1 is lost from the iron micelles when they are separated from their protein shells by alkali treatment (Granick & Hahn, 1944) , suggests that a considerable proportion of the P1 is bound loosely at surface sites and is not an intimate part of the atomic structure of the microcrystalline particles. This suggestion is supported by experiments by Van Kreel et al. (1972) (Hoy et al., 1974b) . Preliminary accounts of this work have been presented Treffry et al., 1977) .
Materials and Methods
Chemicals used were AnalaR grade (BDH Chemicals, Poole, Dorset, U.K.). Horse spleen ferritin (twice-crystallized, Cd-free) was purchased from Miles Laboratories, Slough, Bucks., U.K. Ferritin fractions of different Fe content were obtained by sucrose-density-gradient centrifugation as described previously . Apoferritin was prepared from ferritin by dialysis against mixtures of equal volumes of 0.1 M-thioglycollic acid and 0.1 M-sodium acetate (pH4.25), followed by exhaustive dialysis against glass-distilled water and precipitation with (NH4)2SO4 (35 %, w/v).
Ferritin Fe was measured either directly by its A420 (A 1%F. = 100) or, after reduction, as its 2,2'-bipyridine complex (Drysdale & Munro, 1965 Phosphate analysis A modification of published methods was necessary because of the presence of thioglycollic acid in the solutions to be analysed. The method adopted was based on those of Anner & Moosmayer (1975) and of Kallner (1975 (Fig. 2b) , and a shoulder was observed in the same region of Fig. 1(d) .
Effect ofPi on Fe distribution in reconstitutedferritin
It has been observed previously (Macara et al., 1972) that the reconstitution procedure that we have used in the absence of Pi tends to give a distribution of Fe atoms/molecule approaching 'all-or-none', i.e. much of the protein has reached a high degree of Fe saturation, whereas most of the remainder contains little or no Fe (see Fig. 2b ). The presence of Pi in the reconstitution mixture had a marked effect on the Fe distribution, as shown in Fig. 2(a) . A very sharp peak was obtained at a saturation of about 1500 Fe atoms/molecule. In the reconstitution for which results are shown, the molar ratio of P1 to Fe added was 0.15, but the Pi was all added before reconstitution with Fe, whereas the Fe was added in ten equal amounts. This may account for the presence of a small peak with relatively high Fe content, which could have been produced after free Pi had been depleted. It was also found that the amount of Fe that could be incorporated into ferritin in the presence of this concentration of Pi was relatively low. After an average of 2000 Fe atoms/molecule had been added to the system, precipitation occurred, apparently of Fe that could not be incorporated into ferritin.
Absorption coefficient at 420nm
Native ferritin has an average absorption coefficient, A"/-", at 420 nm of approx. 100 (Hoy et al., 1974a) . We now find that this value also gives a good approximation for reconstituted ferritin in the middle range of Fe contents. A comparison of numbers of Fe atoms/molecule measured by using this coefficient with that measured by the probably more accurate bipyridine method is shown in Fig.  3 Fig. 3(b) shows that the assumption of an absorption coefficient of 100 now gives estimated Fe contents much lower than with the bipyridine method, i.e. the value 100 is too high for this product. This may be because Pi interferes with the formation of the polynuclear Fe(III)-O-Fe(III) bridged structure, which gives ferritin its red-brown colour.
Rates ofFe release with thioglycollate Fig. 4 shows the rates of release of Fe from ferritin fractions of different Fe contents obtained by sucrose-density-gradient centrifugation of ferritins reconstituted with and without Pi. The concentration of Fe was constant at 2.5,ug/ml for each fraction. The number of protein molecules/ml therefore decreased as the number of Fe atoms/molecule increased. Fe was released by using thioglycollate in the presence of bipyridine as described in the Materials and Methods section. No release of Fe was observed in the absence of thioglycollate. Thioglycollate gave most rapid release from the Fe-poor fractions of ferritin reconstituted without Pi, a result similar to those obtained previously with native ferritin fractions, when Fe was removed with 1,10-phenanthroline (Hoy et al., 1974a) or cysteine (Crichton et al., 1975 with Pi and fractionated on sucrose density gradients. Fe was released with 20mM-thioglycollic acid/20mM-sodium acetate, pH4.3, and release followed by the appearance of the Fe-bipyridine complex. content, and the distribution pattern showed a marked peak near 2250-2500 Fe atoms/molecule. Thus release of Fe atoms was fastest for molecules containing a relatively high Pi content (see Fig. 1 ).
Release ofP1 as a function ofFe release Percentage release of Pi is plotted against percentage Fe release in Fig. 5 for (1) 
Discussion
The results described above show that ferritin reconstituted in the absence of Pi will bind this anion to give a product closely resembling native ferritin with respect to the distribution of Pi incorporated per molecule or per Fe atom as a function of Fe atoms present in the molecule (Fig. 1) , although the absolute amount incorporated was considerably less than that present in native ferritin. The release of this bound Pi also resembled that from native ferritin (Fig. 5) . Its release somewhat ahead of Fe when the latter was reduced with thioglycollate suggested that a proportion of it was located on readily accessible surface sites on the iron-core crystallites, although the remainder must be supposed to have been more tightly bound, perhaps by incorporation into stacking faults or discontinuities within the iron-core material (represented diagrammatically in Fig. 6 , whom we thank for permission to reproduce this diagram. The ordinate gives the probability of finding particles withinO.4nm ofthe specified size. Values were assigned to the probability such that the sum of all probabilities was equal to 10. the particle-size distribution and a shift to smaller average size from about 6.5nm without Pi to about 4.8 nm in its presence (Fig. 7) . Thus Pi interferes with the regular crystal growth of ferritin iron-core material. Sample C is a native ferritin fraction containing 1730-2480 Fe atoms per molecule. Except for a small contribution from particles smaller than 4.Onm it appears to be similar to the reconstituted ferritin.
In a previous study (Hoy et al., 1974a ) the relatively fast release of Fe from Fe-poor ferritin as compared with Fe-rich ferritin fractions at constant Fe concentration was explained by the relatively large surface/ volume of the small crystallites giving a greater area for Fe release. For the same Fe content, P1-reconstituted ferritins show a faster release than does the Pi-free product (Fig. 4) . This suggests that, even when the same amount of Fe is incorporated per molecule, the presence of Pi leads to a smaller particle size. The peak in the rate of Fe release from ferritin reconstituted in the presence of Pi is at 2250-2500 Fe atoms/molecule. This corresponds to the peak in the amount ofPi incorporated/molecule and the shoulder in the amount of Pi incorporated/Fe atom shown in Fig. 1 . It suggests that the more Pi present the smaller are the iron-core particles, and may explain why most molecules only reach a low degree of saturation with Fe in this reconstitution (Fig. 2) . It may be that the greater amount of Pi incorporated, giving a more disorganized form of iron core, prevents or inhibits further Fe being taken up. The small number of ferritin molecules containing over 3000 Fe atoms (Fig. 2) contain relatively little Pi (Fig. 1) . It may be that these molecules have rapidly added Fe to the exclusion of Pi, although they may have accumulated their Fe after Pi was depleted from the system. The release of Pi as a function of Fe release (Fig. 5 ) also indicates that when Pi is present during reconstitution it becomes closely integrated with the Fe, and this is also suggested by the difficulty with which it is exchanged with exogenous Pi (Table  1) . 
